We report the engineering and characterization of paraoxonase-3 knockout mice (Pon3KO). The mice were generally healthy but exhibited quantitative alterations in bile acid metabolism and a 37% increased body weight compared to the wild-type mice on a high fat diet. PON3 was enriched in the mitochondria-associated membrane fraction of hepatocytes. PON3 deficiency resulted in impaired mitochondrial respiration, increased mitochondrial superoxide levels, and increased hepatic expression of inflammatory genes. PON3 deficiency did not influence atherosclerosis development on an apolipoprotein E null hyperlipidemic background, but it did lead to a significant 60% increase in atherosclerotic lesion size in Pon3KO mice on the C57BL/6J background when fed a cholate-cholesterol diet. On the diet, the Pon3KO had significantly increased plasma intermediate-density lipoprotein/LDL cholesterol and bile acid levels. They also exhibited significantly elevated levels of hepatotoxicity markers in circulation, a 58% increase in gallstone weight, a 40% increase in hepatic cholesterol level, and increased mortality. Furthermore, Pon3KO mice exhibited decreased hepatic bile acid synthesis and decreased bile acid levels in the small intestine compared with wild-type mice. Our study suggests a role for PON3 in the metabolism of lipid and bile acid as well as protection against atherosclerosis, gallstone disease, and obesity.-Shih,
lactonase activities (14, 15) . PON1 also exhibits the capacity to hydrolyze organophosphates such as organophosphorus insecticides (16) . Studies with genetically engineered mice and human epidemiologic studies suggest that the PON family members can inhibit oxidative stress, suppress inflammation, and protect against atherosclerosis (7, (17) (18) (19) (20) (21) (22) (23) (24) . While PON1 and PON2 have been quite extensively characterized, the function of PON3 is less clear. Transgenic mice overexpressing PON3 were shown to be protected against atherosclerosis and obesity (12), but the mechanism involved is unknown. Recently, PON3 was shown to be up-regulated in cancer tissues and protect against mitochondrial superoxide-mediated cell death (13) .
In the present report, we engineered mice that lack PON3 and used these mice to examine the functions of PON3 under a variety of conditions. Although the mice were generally healthy, they showed quantitative alterations in mitochondrial functions, bile acid metabolism, and body fat. When stressed with a cholate-cholesterol (CC) diet, they exhibited substantial variation in cholesterol metabolism and increased atherosclerosis.
MATERIALS AND METHODS
Generation of Pon3KO mice, animal breeding, feeding, and atherosclerosis lesion development A Pon3 targeting vector was constructed by subcloning a 3.6 kb ClaI fragment containing exon 3 upstream and a 2.8 kb BamHI fragment containing exon 5 downstream of the neomycinresistance gene expression cassette in the pMC1TKpA vector (Supplemental Fig. S1A ). The gene targeting vector was linearized and electroporated into RW-4 embryonic stem cells derived from mouse strain 129X1/SvJ. G418/gancyclovir-resistant clones were screened by Southern blot analysis, and embryonic stem cells carrying the disrupted allele were microinjected into blastocysts of mouse strain C57BL/6J to produce chimeric mice. Chimeric mice were crossed with C57BL/6J mice to produce F1 mice heterozygous for the PON3 null mutation. F1 PON3 heterozygous mice were then backcrossed with C57BL/6J mice for 9 more generations before intercrossing to produce mice homozygous for the Pon3 mutation. To introduce the PON3 null mutation onto the apolipoprotein E (apoE) knockout (KO) background, N5 mice carrying the PON3 null mutation were crossed with apoE KO mice. The offspring mice heterozygous for both the PON3 and apoE null mutations were then intercrossed to generate apoE KO mice and Pon3KO/apoE KO mice. Only female mice were included in the studies. ApoE KO and Pon3KO/apoE KO mice were maintained on chow diet for atherosclerosis assessment. Diet induced atherosclerosis was assessed using Pon3KO and wild-type (WT) mice on the C57BL/6J background using a CC diet containing 15.8% fat, 1.25% cholesterol, and 0.5% sodium cholate (TD.90221; Harlan Laboratories, Indianapolis, IN, USA). Atherosclerotic lesion size at the aortic root region was determined as previously described (25) . For obesity study, Pon3KO and WT mice were fed a high-fat Western diet (TD.88137; Harlan Laboratories) for 10 wk. All animal studies were approved by the UCLA Animal Research Committee.
Lipid and bile acid levels, serum chemistry, liver lipid extraction and analysis by mass spectrometry, and lovastatinase activity assay For plasma lipid and lipoprotein level determinations, mice were fasted for 16 h before bleeding. Total cholesterol, HDL cholesterol, unesterified/free cholesterol, triglycerides, and free fatty acid levels were determined by enzymatic colorimetric assays (25) . Phosphatidylcholine levels were assayed using an enzymatic colorimetric assay from Wako (Richmond, VA, USA). Serum chemistry tests were performed by Pathology and Laboratory Medicine Services of the Department of Laboratory Animal Management at UCLA. Total bile acids levels were assayed using a kit from Diazyme Laboratories (Poway, CA, USA) according to the manufacturer's protocol. This kit measures the 3a-hydroxyl group of bile acids. For lipid extraction, 50 mg of liver were homogenized in PBS. The lipids in the homogenate were then extracted using the Folch method (26) . The extracted lipids were dried down and resuspended in 1% Triton X-100 before lipid assays were performed as described above. Tissue homogenates made from the livers of Pon3KO and WT mice were used in lovastatinase activity assay as previously described (12) . In other analyses, mass spectrometry was performed using lipid extracts prepared by Bligh-Dyer extraction (27) with either water or water enriched with 1% acetic acid (for phosphatidic acid analyses) and using lipid class specific internal standards (1,2,3-triheptadecenoyl-sn-glycerol, heptadecanoyl cholesteryl ester, 1,2-diarachidoyl-sn-glycero-3-phosphocholine, 1,2-dimyristoylsn-glycerol, and 1,2-dimyristoyl-sn-glycero-3-phosphate). Electrospray ionization mass spectrometry (Quantum Ultra; Thermo-Fisher, Waltham, MA, USA) with lipid class (or molecular species)-specific tandem mass spectrometric analysis was utilized to quantify liver triglyceride [neutral loss scanning (NLS) of fatty acid losses with fingerprinting] (28), cholesteryl ester (NLS 368.5) (29), phosphatidylcholine (NLS 59.1) (30), diacylglycerol (selected reaction monitoring) (29) , and phosphatidic acid (PA) (product ion scanning m/z = 183) (30) levels.
Phosphatidic acid phosphatase activity assay
Phosphatidic acid phosphatase (PAP) activity was measured on liver tissue extracts as described previously (31, 32 ] diacylglycerol product was then isolated and quantified by scintillation counting. Three different protein concentrations were analyzed for each sample to ensure the proportionality of the assay. Parallel analyses were done in the presence of excess N-ethylmaleimide (5 mM) to assess the contribution of lipid phosphate phosphatase activity, and this latter activity was subtracted from the total activity to yield true PAP activity values.
RNA isolation and quantitative RT-PCR analyses
Total RNA samples from tissues were isolated using Trizol reagent (Life Technologies) according to the manufacturer's protocol. The cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR was performed using gene-specific primers (Supplemental Table S1 ) and the Roche SYBR green master mix in a Roche Lightcycler 480 system. The mRNA levels of specific genes were normalized to the mRNA levels of the housekeeping gene, Rpl13a, of the same sample.
Quantification of gallstones, collection of gallbladder and hepatic bile, bile lipid analysis, and bile acid composition analysis by mass spectrometry After cholecystectomy, the gallbladder was cut at the fundus to collect bile and gallstones. After drying overnight at room temperature, stones were weighed. Hepatic bile was collected for 30 min as described (33) . Bile samples were diluted with water containing 1% Triton X-100, followed by determination of cholesterol, phospholipid, and total bile acid concentrations using colorimetric assays as described above. The bile acid composition of plasma, liver, gallbladder bile, and small intestine samples was examined and quantified using mass spectrometry as previously described (34) .
Determination of average adipocyte size
Hematoxylin and eosin-stained histologic sections of fat pads were used for determination of adipocyte size as previously described (35) .
Isolation of organelles and immunoblotting
Four mice from each group were fasted overnight before killing and collection of livers. The pooled liver samples were then used for isolation of organelles by ultracentrifugation according to the protocol of Wieckowski et al. (36) . For immunoblotting, equal amounts of purified organelles or liver lysates were fractionated by SDS-PAGE, transferred onto a nylon membrane, incubated with various primary antibodies, washed, incubated with a secondary antibody, and detected using electrochemiluminescence (GE Healthcare Bio-Sciences, Piscataway, NJ, USA). The primary antibodies against PON3 and calnexin were purchased from R&D Systems (Minneapolis, MN, USA) and Santa Cruz Technology (Santa Cruz, CA, USA), respectively. Primary antibodies against cytochrome c and voltage-dependent anion channel (VDAC) were purchased from Cell Signaling Technology (Danvers, MA). Primary antibody against Cyp7a1 (cytochrome P450, family 7, subfamily A, polypeptide 1) was a gift from Simon Hui of UCLA. Lipin-1 antibody was a gift from Maroun Bou Kahlil (University of Ottawa, Ottawa, ON, Canada). Lipin-2 antibody was a gift from Brian Finck (Washington University, St. Louis, MO, USA).
Mitochondrial functional assays and TUNEL assay
Mitochondria were isolated from mouse liver as described by Rogers et al. (37) . The mitochondrial function of isolated mitochondria (5 mg per well) was determined using an XF24-3 Extracellular Flux Analyzer (Seahorse Bioscience) as described (37) . Succinate (10 mM), rotenone (2 mM), ADP (2 mM), oligomycin (25 mM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 40 mM), and antimycin A (15 mg/ml) were used to assay complex II dependent respiration. Oxygen consumption rate (OCR) in fresh tissues were measured with the XF24 Analyzer as described (38) . Briefly, freshly isolated tissues were minced and rinsed in PBS, placed in a Seahorse Islet Plate (3-5 mg per well), and incubated with 625 ml of unbuffered DMEM (containing 25 mMol/L glucose) 1 h prior to measurements. Oxygen consumption was measured after 200 mM palmitate or 0.75 mM FCCP injection and expressed as percentage OCR of baseline. For OCR in primary white adipocyte, stromal vascular cells were collected, cultured, and differentiated as previously described (39) . OCR was measured at baseline and after the sequential injection of 1 mM oligomycin, 0.75 mM FCCP and 1 mM rotenone/myxothiazol. The TUNEL assay was performed on frozen sections of liver samples, using the In situ Cell Death Detection kit purchased from Roche, according to the manufacturer's manual.
Statistical analyses
Log-rank (Mantel-Cox) test was used for comparison of survival curves shown in Fig. 1B . For the rest of the study, Student's t test was used for comparison of means.
RESULTS

General characteristics of mice deficient in PON3
We constructed mice targeted for Pon3 using classic gene targeting approaches (Supplemental Fig. S1 ). The strategy is shown in Supplemental Fig. S1A . Supplemental Figure  S1B shows the expected Southern blot pattern following cleavage with PstI in heterozygous targeted mice. The homozygous Pon3KO mice lacked PON3 mRNA (Supplemental Fig. S1C ), and protein (Supplemental Fig. S1D ) in liver. We previously showed that PON3 is able to hydrolyze lovastatin (12) . The Pon3KO mice had no lovastatinase activity (Supplemental Fig. S1E ) in liver, indicating that PON3 is entirely responsible for lovastatin hydrolysis. The data indicate that the targeting creates a PON3 null mutation.
We generated the Pon3KO on the background of strain 129X1/SvJ. Since strain 129 mice are difficult to breed, we transferred the null mutation onto the genetic background of C57BL/6J through a series of backcrosses for 10 generations. The Pon3KO mice did not exhibit any discernible effects on appearance, fertility, or life span. When maintained on a chow diet, there was no evidence of liver pathology. However, small but significant differences in plasma triglycerides and free fatty acid levels were observed between Pon3KO and WT mice (Supplemental Table S2 ).
PON3 deficiency does not influence atherosclerosis in a hyperlipidemic apoE null background
Previously, we had shown that transgenic mice overexpressing PON3 in liver exhibited reduced atherosclerosis on a LDL receptor null background (12) . To test whether the Pon3KO mice would exhibit increased atherosclerosis, we bred PON3 KO mice onto the background of apoE null mice and examined the double KO mice for effects on atherosclerotic lesion development. Surprisingly, there were no discernible differences effects on atherosclerosis (Supplemental Fig. S1F ). Plasma lipoprotein and lipid levels were similar between the double KO and apoE KO mice, except small but significant decreases of HDL and free fatty acid levels in the double KO mice compared to the apoE KO (Supplemental Table S3 ).
Pon3KO mice exhibit significant alterations in lipid metabolism and atherosclerosis when fed a diet containing cholic acid and cholesterol
We had previously shown that transgenic PON3 mice fed a CC diet, exhibited significantly reduced atherosclerosis compared to control mice (12) . We, therefore, tested whether the Pon3KO mice would also exhibit altered atherosclerosis when fed the CC diet. When fed the diet for 16 wk, Pon3KO mice exhibited a significant 60% increase in atherosclerotic lesion size compared to WT mice (Fig. 1A) . During the course of these studies we noticed that while 96% (23 out of 24) of the WT mice survived, the Pon3KO mice exhibited significant mortality with only 65% (17 out of 26) survival (Fig. 1B) . Furthermore, there were significant increases in liver total cholesterol (40%), cholesterol ester (44%), and unesterified cholesterol (22%) levels, and a decrease in liver triglyceride (56%) level in the Pon3KO mice (Fig. 1C) .
Because of the mortality and the altered liver lipids, we carried out more detailed metabolic studies of the mice on the CC diet. When maintained on the CC diet for 16 wk, PON3 mice exhibited significant alterations in plasma lipids and bile acid levels. The Pon3KO mice exhibited significant increases in total cholesterol (320%), very lowdensity lipoprotein (VLDL)/intermediate-density lipoprotein (IDL)/LDL cholesterol (466%), unesterified cholesterol (896%), triglycerides (267%), and bile acids (273%) in the plasma ( Table 1) . These lipid effects could contribute to the increased atherosclerosis in Pon3KO mice compared to WT mice.
Given that the Pon3KO mice exhibited significantly increased mortality, we also examined evidence of hepatic toxicity using plasma levels of alanine aminotransferase, aspartate aminotransferase, and direct bilirubin ( Table 2) . Compared to WT mice, the Pon3KO mice exhibited a dramatic increase in all 3 parameters, consistent with increased hepatoxicity in response to the CC diet compared to WT mice.
PON3 deficiency alters lipid and bile acid metabolism
To determine the basis of the differences in liver lipids observed in the atherosclerosis studies, we examined the gene expression profiles in liver of several genes involved in either bile acid metabolism or inflammation. As shown in Fig. 1D , in the livers of Pon3KO maintained on the CC diet for 16 wk, the levels of Cyp7a1 mRNA were decreased by about 90% compared to WT mice. The Pon3KO mice also exhibited a substantial decrease in the levels of CYP7A1 protein (Fig. 1E) , the rate limiting enzyme in bile acid synthesis. The mRNA levels of the alternative bile acid synthesis pathway mediated by Cyp27a1 (cytochrome P450, family 27, subfamily A, polypeptide 1) were also significantly reduced, as was the bile acid transporter Ntcp (Na + -taurocholate cotransporting polypeptide) (Fig. 1D) . On the other hand, the transcriptional repressor of bile acid synthesis Shp (small heterodimer partner), exhibited significantly increased expression (Fig. 1D) . Thus, the Figure 1 . Pon3KO mice exhibit increased atherosclerosis, premature death, increased hepatic cholesterol accumulation, and altered hepatic gene expression when fed a CC diet. Three-month-old WT and Pon3KO mice were maintained on a CC diet for 16 wk before (A) atherosclerotic lesion at the aortic root region, (B) survival, (C) liver lipid content, (D) hepatic gene expression, and (E) hepatic Cyp7A1 protein levels were determined. TC, total cholesterol; CE, cholesterol ester; UC, unesterified cholesterol; TG, triglyceride. *P , 0.05; **P , 0.01; ***P , 0.001 between the 2 genotype groups.
increased cholesterol in livers of Pon3KO mice fed the CC diet likely results in part from reduced bile acid synthesis.
Atherosclerosis and inflammation in Pon3KO mice
Atherosclerosis is known to be enhanced by local or systemic inflammation (40) . To test whether hepatic inflammation might contribute to the increased lesion development that we observed in Pon3KO mice, we examined the expression of Mcp-1, a chemokine, and Il-6, an inflammatory cytokine. Both were substantially increased in Pon3KO mice (Fig. 1D) . We also showed that Atf3 (activating transcription factor 3), a member of the unfolded protein response, was increased (Fig. 1D ).
Lipid and lipoprotein metabolism in Pon3KO mice
We conducted another 10 wk CC diet feeding study to avoid mortality in the Pon3KO mice and further examine lipoprotein and lipid metabolism. The Pon3KO mice exhibited significantly increased total, VLDL/IDL/LDL cholesterol, and total bile acid levels, and decreased HDL cholesterol levels compared to WT mice ( Table 3) . The plasma lipoprotein profile was further examined by FPLC. As shown in Fig. 2A , the Pon3KO exhibited higher IDL/ LDL and lower HDL cholesterol levels compared to WT mice. Mass spectrometry analysis of liver lipid extracts showed decreased triglycerides and diacylglycerol, but increased phosphatidate levels in the Pon3KO liver compared to those of the controls (Fig. 2B) , suggesting lower PAP activity in the Pon3KO liver. We determined that recombinant PON3 does not exhibit PAP activity (data not shown), suggesting that the observed phosphatidate accumulation may be related to altered activity of the lipin PAP enzymes. Lipins 1, 2, and 3 are known to exhibit PAP activity that converts PA to diacylglycerol, the precursor of triglyceride and phospholipid biosynthesis (41). We could not detect Lipin3 mRNA in any liver samples. Quantitative PCR and Western blot analyses revealed no differences in hepatic Lipin1 or Lipin2 mRNA levels (Fig. 2C) , or Lipin1 protein levels (data not shown) between Pon3KO and controls. However, Lipin2 protein levels were elevated in the Pon3KO liver (Fig. 2D) . Liver PAP activity, on the other hand, was similar between Pon3KO and WT mice (Fig. 2E) .
In mice that were fed the CC diet for 10 wk, we also observed decreased expression of Cyp7a1, Cyp8b1 (cytochrome P450, family 8, subfamily B, polypeptide 1), and Ntcp and increased expression of Shp in the livers of Pon3KO mice compared to those of the WT mice (Fig. 2C) . Expression of these genes is known to be regulated by farnesoid X receptor (FXR). In addition, the Pon3KO mice exhibited decreased expression of hepatic enzymes involved in lipogenesis, including Acc, Me1, Scd1 (stearoylCoA desaturase-1), and Agpat6 (1-acylglycerol-3-phosphate O-acyltransferase 6) (Fig. 2C) . Furthermore, the expression of genes involved in cholesterol homeostasis, including Ldlr and Hmgcr (3-hydroxy-3-methylglutaryl-CoA reductase), was significantly decreased in the Pon3KO livers (Fig. 2C) .
Altered bile composition and increased gallstone formation in Pon3KO mice
Gallbladder bile composition was analyzed in Pon3KO and WT mice on the CC diet for 10 wk. The decreased synthesis of bile acids in the liver (Fig. 2C ) was accompanied by increased cholesterol and phospholipid levels in the bile of Pon3KO mice (Fig. 3A) . In addition, we observed a significant 39% increase in cholesterol levels in the hepatic bile samples collected from the Pon3KO mice (Fig. 3B) . As shown in Fig. 3C , Pon3KO mice fed the CC diet exhibit a 58% increase in gallstone weight. Presumably, the decreased bile acid synthesis and increased cholesterol excretion in the Pon3KO mice resulted in an increased ratio of cholesterol to bile acids in the gall bladder, favoring the formation of gallstones.
We performed mass spectrometry analysis to examine bile acid composition of plasma, liver, bile, and small intestine samples of Pon3KO and WT mice on the CC diet (Fig. 4) . Since the CC diet contains 0.5% cholic acid (CA), the major bile acid found in the samples of these mice was CA (Fig. 4) . The rest of the bile acids in these samples are deoxycholic acid, the secondary bile acid generated by the gut bacteria using CA as the substrate, and other endogenously synthesized bile acids including muricholic acid (MCA), chenodeoxycholic acid (CDCA), and ursodeoxycholic acid (UDCA) (Fig. 4) . In contrast to humans, UDCA is a primary bile acid in rodents (42) . In the plasma, there are significantly increased levels of all of the bile acid species in the Pon3KO mice compared to those of the WT mice (Fig. 4A) . In the liver, the total bile acid content in the 4B) . However, the levels of several unconjugated bile acids, including b-MCA, a-MCA, CDCA, and UDCA, were significantly decreased in the Pon3KO compared to those of the WT mice (Fig. 4C ). This might have been caused by the decreased expression of bile acid synthesis genes observed in the Pon3KO liver (Fig. 1D) , or by decreased uptake of bile acid returning from the small intestine as a result of decreased expression of the bile acid transporter, Ntcp. In the bile samples we observed a significant decrease in deoxycholic acid levels and a trend of decreased levels of other bile acids in the Pon3KO compared to WT mice (Fig.  4D) . Finally, in the small intestine, while the levels of CA and deoxycholic acid, presumably derived from the diet, were not different between the 2 groups of mice, the levels of endogenously synthesized bile acids, MCA, CDCA, and UDCA, were significantly decreased in the Pon3KO mice compared to those of the WT mice (Fig. 4E ).
Pon3KO mice exhibit altered gene expression in small intestine and kidney when maintained on the CC diet
The mRNA levels of FXR target genes, Mrp2 (multidrug resistance protein 2) and Abcg8 (ATP-binding cassette subfamily G member 8) were significantly decreased in the ileum samples of Pon3KO mice fed the CC diet compared to those of the WT mice (Supplemental Fig. S2A ). On the other hand, the expression of other FXR-regulated genes including Shp, Osta and Ostb (organic solute transporter a and b), I-babp (ileal bile acid-binding protein), Fgf15 (fibroblast growth factor 15), Abcg5 (ATP-binding cassette subfamily G member 5), and Asbt (apical sodiumdependent bile salt transporter) was not significantly different between these 2 groups of mice (Supplemental Fig.  S2A ). In kidney, the expression of FXR target genes, Shp and Mrp2, was significantly increased in the Pon3KO compared to WT mice (Supplemental Fig. S2B ), probably resulted from the elevated circulating bile acid levels found in the Pon3KO mice (Fig. 4A) . However, the expression of other FXR target genes, including Osta, Ostb, and Asbt was not different between the 2 genotype groups (Supplemental Fig. S2B ).
Pon3KO mice exhibit elevated plasma total bile acid levels when maintained on a Western diet
We also determined plasma total bile acid levels of Pon3KO and WT mice maintained on either low fat chow diet or a Western diet. While there was no significant difference in plasma total bile acid levels between Pon3KO and WT mice on chow diet (Supplemental Fig. S3A ), Pon3KO exhibited significantly elevated levels of plasma total bile acid compared to WT mice when fed the Western diet (Supplemental Fig. S3A ). Hepatic expression levels of genes involved in bile acid homeostasis, including Bsep (bile salt export pump), Cyp7a1, and Ntcp, were not different between Pon3KO and WT mice, whereas Shp mRNA level was significantly elevated in the Pon3KO mice when maintained on the Western diet (Supplemental Fig. S3B ).
PON3 is localized in MAM and influences mitochondrial respiration and hepatic inflammation
Previous studies had suggested that PON2 may influence mitochondrial functions (6, 43) . Therefore, we sought to test whether the effects of PON3 deficiency on bile acid metabolism might involve various mitochondrial functions. We began by examining the subcellular localization of PON3. WT and Pon3KO livers were subjected to subcellular fractionation on density gradients to produce fractions enriched in ER, crude mitochondria (CM), highly purified mitochondria (PM), and MAM. We used Western blot analysis to examine the presence in these fractions of PON3, calnexin (MAM and ER marker), VDAC, and cytochrome c (mitochondrial markers). As can be seen, PON3 is present in crude mitochondrial fractions but not in highly purified fractions, and it colocalizes with calnexin in ER and MAM, with higher abundance of PON3 in MAM than ER (Fig. 5A) . The PON3 antibody we used exhibits no reactivity with any of the fractions in Pon3KO mice, indicating its specificity (Fig. 5A) .
To examine whether the Pon3KO mice exhibited alterations in mitochondrial functions, we used a Seahorse Bioscience (Lowell, MA, USA) XF24-3 instrument to measure OCR, an indicator of mitochondrial respiration. In the presence of succinate and rotenone (for measurement of respiration driven by complex II-IV activity), Pon3KO mitochondria exhibited significantly lower OCR in response to ADP (state 3) and FCCP (state 3 u ), indicating decreased mitochondrial respiration (Fig. 5B, C) .
Mitochondria are a major source of superoxide (44), and we investigated whether superoxide might contribute to the increased inflammation observed in mice fed the CC diet. As shown in Fig. 5D , Pon3KO mice exhibited about twice the level of superoxide compared to WT mice. Complexes II-III are essential parts of mitochondrial electron transport chain. As shown in Fig. 5E , Pon3KO mice exhibited a significantly decreased complex II-III activity compared to WT mice when fed the CC diet, suggesting impaired mitochondrial respiration. Because the Pon3KO mice on the CC diet exhibited increased superoxide and inflammatory gene expression, we wondered whether there might be an increase in apoptosis. As shown in Fig. 5F , Pon3KO mice exhibited a 66% increase in TUNEL-positive cells compared to WT mice.
Increased obesity in Pon3KO mice due to impaired mitochondrial respiration and decreased fatty acid oxidation After a 10 wk feeding of a Western diet, the Pon3KO mice exhibited a significant 37% increase in body weight compared to WT mice (Fig. 6A) , despite similar daily food consumption between the 2 groups (data not shown). Furthermore, the weights of gonadal, retroperitoneal, and subcutaneous fat pads of the Pon3KO mice were significantly increased compared to those of the WT mice (Fig.   6B ). The average size of adipocytes of the gonadal fat pad was also significantly increased by 25% in Pon3KO compared to WT mice (Fig. 6C) . Thus, PON3 deficiency results in increased obesity.
We then examined mitochondrial respiration of fat pads isolated from the 2 groups of mice. Tissues from the gonadal and subcutaneous fat pads were assessed for their oxygen consumption rate after injection of the uncoupler FCCP. By revealing the maximal respiration capacity, FCCP can be used to uncover disrupted electron transport chain activity. Pon3KO mice showed decreased OCR in response to FCCP in the fat depots compared to those of the WT mice (Fig. 6D) . The fact that the Pon3KO tissues cannot increase respiration under stress to the same degree as WT mice suggests that the Pon3KO mice have impaired mitochondrial respiration. This defect was confirmed when tissues were challenged with palmitate to induce fatty acid oxidation. The OCR response to palmitate was substantially decreased in the fat depots from Pon3KO mice (Fig. 6E) .
To confirm the mitochondrial respiration defect in the Pon3KO fat pads, we isolated stromal vascular cells from the subcutaneous fat pads. Cells were differentiated for 7 d and were found to harbor a white adipocyte phenotype with large lipid droplet-filled cells (data not shown). OCR was monitored during a mitochondrial assay where oligomycin, FCCP, and a mix of rotenone and myxothiazol were sequentially injected after the baseline measures. This allowed for an estimation of the contribution of ATPlinked mitochondrial oxygen consumption, nonmitochondrial respiration, and maximal mitochondrial respiratory capacity. OCR response from the Pon3KO adipocyte were not different from the WT cells after oligomycin or rotenone/myxotiazol (Fig. 6F) , suggesting no difference in ATPase activity or nonmitochondrial respiration. In contrast, the response to FCCP was substantially lower in Pon3KO compared to WT cells (Fig. 6F) , confirming the defect in mitochondrial respiration capacity.
DISCUSSION
We report the generation of Pon3KO mice and their characterization to further understand the functions of this enzyme. Several novel and unexpected findings emerged. First, PON3 deficiency clearly influences bile acid metabolism by an as yet unknown mechanism. The increased gallstone formation observed in the Pon3KO mice is probably caused by the decreased bile acid secretion and increased cholesterol excretion into bile. Second, PON3 is enriched in the mitochondria-associated membrane fraction of the hepatocytes, and PON3 deficiency has a clear impact on mitochondrial function and oxidative stress. The increased diet-induced obesity observed in the Pon3KO mice may be explained in part by impaired mitochondrial function and fatty acid oxidation observed in the fat pads isolated from the Pon3KO mice. Third, PON3 deficiency results in increased superoxide levels and apoptosis in liver as well as increased expression of inflammatory genes. PON3 deficiency also leads to a proatherogenic lipoprotein profile, including elevated IDL/ LDL and decreased HDL cholesterol levels, when fed the CC diet. The proatherogenic lipoprotein profile and Figure 4 . Bile acid composition analysis. WT and Pon3KO mice were maintained on the CC diet for 16 wk before various tissues were collected for bile acid composition analysis. Shown are data from (A) plasma, (B, C) liver, (D) bile, and (E) small intestine. Data are the sum of both conjugated and unconjugated bile acids, except for (C), where only levels of unconjugated bile acids are shown. Symbols as in Fig. 1. increased inflammation in the Pon3KO mice likely lead to the increased atherosclerotic lesion formation compared to WT mice. On the other hand, we cannot rule out the notion that PON3 deficiency in the artery wall may also contribute to atherogenesis because mouse Pon3 is expressed in the macrophages (45) . However, there is no evidence that mouse Pon3 is expressed by endothelial or smooth muscle cells.
A recent publication described generation of another line of PON3 null mice independently; Kempster et al. (46) concluded that PON3 deficiency led to embryonic lethality in mice. In the present study, we showed a complete loss of PON3 at the mRNA, protein, and activity (based on lovastatinase activity) levels, yet we did not observe any embryonic lethality of Pon3KO mice (data not shown). In fact, PON3 null allele was inherited in a Mendelian fashion with a 1:2:1 genotype ratio of WT, heterozygous, and homozygous PON3 mutant mice being observed in the offspring of a cross between PON3 heterozygous mice (data not shown). There are 2 plausible explanations for the difference in lethality observed between these 2 lines of Pon3KO mice. First, different genetic backgrounds have been shown to influence the phenotype and lethality of mice harboring null mutations (47, 48) . Our PON3 null mutation was generated using an embryonic stem cell line derived from the 129X1/SvJ background. The null mutation was then introduced onto the C57BL/6J genetic background by 10 generations of backcrossing. Kempster Figure 5 . PON3 is localized in MAM and influences mitochondrial function. A) Distribution of PON3 protein in various organelles isolated from the WT and Pon3KO livers. T, total lysate; ER, endoplasmic reticulum; CM, crude mitochondria; PM, pure mitochondria; MAM, mitochondria-associated membrane. Distribution patterns of calnexin, VDAC, and cytochrome c are also shown. B, C) Complex II-IV-dependent respiration of mitochondria isolated from the liver of WT and Pon3KO mice fed a chow diet. D-F) Mice were maintained on the CC diet for 10 wk before liver samples were collected for determination of (D) mitochondrial superoxide levels, (E) mitochondrial complex II + III activity, and (F) extent of apoptosis as measured by TUNEL assay. *P , 0.05, ***P , 0.001 between the 2 genotype groups. et al. (46) obtained their Pon3KO mice from Texas A&M Institute for Genomic Medicine (TIGM). According to information obtained from the TIGM website, their Pon3KO mice were on a mixed background of 129S5/ SvEvBrd and C57BL/6. This difference in genetic background between the 2 Pon3KO mice may have caused difference in lethality, but the rather closely related backgrounds suggest that this is unlikely. Second, a spontaneous null mutation of a passenger gene near the Pon3 locus may have occurred during embryonic stem cell manipulation, and this mutation of the passenger gene could be the cause of embryonic lethality observed in Pon3KO mice obtained from the TIGM. An example of this has been previously reported (49) , and this seems the more likely explanation. A detailed expression analysis of passenger genes near the Pon3 locus of the TIGM Pon3KO mice could help to determine whether these mice harbor additional null mutations that could be the cause of embryonic lethality. Pon3KO mice exhibited increased plasma total bile acid levels when maintained on a CC diet containing cholesterol and cholic acid (Tables 1 and 3 ). This increase of plasma bile acids observed in the Pon3KO mice was likely due to the deceased Ntcp expression (Figs. 1D and 2C) , a transporter that mediates bile acid portal uptake. Liver gene expression pattern showed increased activation of FXR in the Pon3KO mice, as evidenced by increased expression of Shp and Bsep and decreased expression of Cyp7a1, compared to WT mice when fed the CC diet (Fig.  1D) . However, we failed to observe higher total concentrations of bile acids in the livers of Pon3KO mice compared to WT mice (Fig. 4B ). This could be because we did not perfuse the livers before tissue collection, which could obscure the difference between the 2 groups of liver samples. The significantly decreased expression of Cyp7a in the livers of Pon3KO mice could be due to the actions of the FXR-SHP-dependent pathway (50) and of FXR-independent pathways such as the inhibitory effects of inflammatory Figure 6 . Increased obesity and impaired mitochondrial function in the white adipose tissues of Pon3KO mice. The 5.5-mo-old Pon3KO and WT mice were fed a Western diet for 10 wk before (A) body weight and (B) fat pad weight (expressed as percentage of body weight) were determined (n = 13 for each genotype). Retro, retroperitoneal. C) The average size of adipocytes of the gonadal fat pad is shown. Gonadal fat pads from 6 mice of each group were examined. The oxygen consumption rate of gonadal and subcutaneous fat pads was examined in the presence of (D) FCCP and (E) palmitate. F) OCR of differentiated white adipocytes derived from the Pon3KO and WT mice was examined at baseline and after the sequential injection of oligomycin, FCCP, and rotenone/myxothiazol. Symbols as in Fig. 1. cytokines on the expression of Cyp7a1 (51). Because there was increased expression of inflammatory genes in the livers of Pon3KO mice (Fig. 1D) , this could contribute to further down-regulation of Cyp7a1 gene expression in these mice. The elevated plasma total bile acid levels and significantly increased hepatic expression of Shp in the Pon3KO mice fed the Western diet suggest that altered bile acid metabolism in these mice can occur without the feeding of cholic acid, a bile acid known to cause inflammation in the liver (52) . The Western diet, which is high in fat and contains a moderate amount of cholesterol (0.15%), is known to induce hepatic inflammatory gene expression as well (53) . However, we did not observe significant differences in the hepatic expression of inflammatory genes, including Mcp-1, between Pon3KO and WT mice fed the Western diet (data not shown), suggesting the preferentially increased inflammation in the livers of Pon3KO mice only occurs in the presence of cholic acid feeding.
We observed increased mortality in the Pon3KO mice when maintained on the CC diet for 16 wk (Fig. 1B) . The cause of death in these mice was likely cholestasis caused by increased gallstone formation (Fig. 3C ) that led to bile duct obstruction. In fact, we observed jaundice in critically ill Pon3KO mice (data not shown). Significantly elevated plasma bilirubin, total bile acids, and total cholesterol levels were also observed in the Pon3KO mice that survived the 16 wk feeding of the CC diet (Tables 1 and 2) , consistent with the notion that these mice might have cholestasis.
Our study showed that Pon3KO mice have a proatherogenic lipoprotein profile with elevated IDL/LDL and decreased HDL levels when maintained on the CC diet ( Fig.  2A) . We also observed increased cholesterol and decreased triglyceride levels in the livers of the Pon3KO mice fed the CC diet (Fig. 1C) . These changes are likely caused by the altered bile acid metabolism observed in the Pon3KO mice. Decreased Cyp7a1 protein levels observed in the livers of Pon3KO mice lead to decreased conversion of cholesterol to bile acid, causing increased cholesterol accumulation in the liver. Increased cholesterol accumulation in the livers of the Pon3KO mice may then result in decreased hepatic LDL receptor expression (Fig. 2C ) that leads to decreased clearance of IDL/LDL from circulation. Bile acids are known to lower liver triglyceride accumulation through inhibition of expression of lipogenic genes by a pathway involving FXR, SHP, and SREBP-1c (54) . Likewise, we observed decreased expression of lipogenic genes (Fig. 2C) and decreased triglyceride accumulation (Fig.  1C) in the livers of Pon3KO mice fed the CC diet.
To our knowledge, ours is the first report to localize PON3 to MAM (Fig. 5A) . MAM is the physical association location between ER and mitochondria. The functions of MAM include phospholipid synthesis, lipid transport, calcium homeostasis, and control of apoptosis (55, 56) . It remains unclear how PON3 influences MAM functions. However, we demonstrated that PON3 deficiency leads to impaired respiratory function and increased superoxide levels in the mitochondria isolated from the livers of Pon3KO mice (Fig. 5) . Hydrophobic bile acids are known to induce reactive oxygen species generation, and release of cytochrome c and apoptosis-inducing factors by the mitochondria (57) . Our previous findings demonstrated the role of PON3 in protecting against superoxide formation in mitochondria and superoxide-induced apoptosis in cultured cells (13) . We reason that the increased hepatic bile acid levels caused by cholic acid feeding lead to the significantly increased mitochondrial superoxide levels ( Fig. 5D ) and increased apoptosis (Fig. 5F ) observed in the Pon3KO mice. Furthermore, the accumulation of cholesterol has been shown to increase ER stress, inflammation, oxidative stress, and apoptosis in various cell types (58) (59) (60) (61) (62) (63) (64) . The increased accumulation of cholesterol in the livers of CC diet-fed Pon3KO mice (Fig. 1C) could also contribute to increased oxidative stress, inflammation, and apoptosis observed in these mice.
PON3 deficiency also leads to impaired mitochondrial respiration and fatty acid oxidation in the fat pads and adipocyte cultures derived from the Pon3KO mice (Fig. 6) . The mitochondrial dysfunction in the white adipose tissues of Pon3KO mice could in part contribute to increased adiposity observed in the Pon3KO mice compared to WT mice (Fig. 6) . However, our study could not exclude the notion that lack of PON3 in other tissues might contribute to the increased adiposity observed in Pon3KO mice. In addition, inflammation is known to contribute to obesity as well. For example, mice that are deficient in TNF-a or protease-activated receptor 2, a substantial contributor to inflammation, are both protected against obesity (65, 66) . Thus, the increased inflammation associated with PON3 deficiency could also contribute to obesity.
In summary, our data demonstrate that PON3 deficiency leads to impaired hepatic mitochondrial function, increased oxidative stress, inflammation, and cell death when the Pon3KO mice were challenged with a CC diet. In addition, our results suggest a role for PON3 in bile acid metabolism. However, because Pon3KO mice on a low-fat chow diet did not exhibit altered bile acid levels, it is also possible that the PON3 effect on bile acid metabolism is the result of liver injury caused by the CC diet. This study demonstrates a protective role of PON3 against atherosclerosis, gallstone disease, and obesity. 
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